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ABSTRACT
EXTENSIVE TESTS OF INDIVIDUAL A325 BOLTS
WERE MADE TO EVALUATE THE EFFECT OF WASHERS ON
THE CLAMPING FORCE DEVELOPED IN HIGH-STRENGTH
BOLT ASSEMBLIES TIGHTENED BY A TURN-OF-NUT
METHOD. THE RESULTS OF THESE TESTS INDICATE
THAT THERE IS NO SIGNIFICANT DIFFERENCE IN THE
CLAMPING FORCE OF STRUCTURAL BOLTS, EITHER
WITH OR WITHOUT WASHERS. SIMILAR RESULTS WERE
OBTAINED WITH A354 GRADE BD BOLTS.
A STUDY OF THE CHANGES NECESSARY IN THE TURN-
OF-NUT METHOD WHEN THE SURFACES AT THE HEAD AND
NUT OF THE BOLT WERE ON FIVE PER CENT SLOPES
INDICATES THAT ADDITIONAL TURNING IS REQUIRED
TO INSURE PROPER TIGHTENING.
FATIGUE TESTS WERE CONDUCTED TO DETERMINE THE
EFFECT UPON JOINT LIFE OF OMITTING THE WASHERS
FROM THE BOLT ASSEMBLY. ALL SPECIMENS WERE
FOUR-BOLT, DOUBLE-LAP, SHEAR-TYPE JOINTS AND
INCLUDED CONNECTIONS DESIGNED WITH EITHER THE
INSIDE OR THE OUTSIDE PLATES CRITICAL. SPECI-
MENS WERE GENERALLY ASSEMBLED WITH 3/4-INCH
DIAMETER FASTENERS. ON THE BASIS OF THESE AND
OTHER TEST RESULTS, IT APPEARS THAT THE FATIGUE
LIVES OF PROPERLY BOLTED (A325) JOINTS ASSEMBLED
WITHOUT HARDENED WASHERS ARE GENERALLY AS LONG
AS THOSE OF JOINTS ASSEMBLED WITH WASHERS.
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I. INTRODUCTION
A. USE OF HIGH-STRENGTH BOLT ASSEMBLIES
For a decade after its adoption, the
high-strength structural bolt assembly included
a bolt with a finished hexagon head, a heavy
hexagon nut, and two hardened washers. Prima-
rily, the washers served three purposes:
(a) to protect the outer surfaces of the con-
nected material from damage or galling as the
bolt or nut was torqued or turned; (b) to as-
sist in maintaining the high clamping force in
the bolt assembly; and (c) to provide surfaces
of consistent hardness so that fairly depend-
able relationships between torque and tension
could be established for the various bolts and
bolt diameters.
Most of the early methods employed
for the development of tension in high-strength
bolt assemblies made use of a relationship be-
tween applied torque and bolt tension. How-
ever, recently erectors and engineers developed
This report combines most of the data pre-
sented in two previously unpublished progress
reports(1,2)T and other unpublished data
available on research with high-strength bolts.
Superscript numbers in parentheses refer to
references cited.
and began using methods of tightening which
are independent of any load-torque relation-
ship. The reason for the change was the
desire for a simpler, faster, and possibly
more accurate means of tightening the bolt
assemblies. The objections sometimes offered
to the use of torque as a basis for bolt load
control are: (a) a lack of dependability
(because of differences in thread fit, thread
cleanliness, rust, etc.), (b) the possible
resulting variations in bolt tension through-
out a joint, and (c) inefficient use of pneu-
matic impact wrenches.
A preliminary study at the University
of Illinois (3 ) and an investigation conducted
by F. P. Drew for the Association of American
Railroads (4 ) led to a turn-of-nut method for
tightening high-strength bolt assemblies.
This method has provided a means of obtaining
at least the required minimum bolt tension
without reliance upon torque. In the turn-of-
nut method the bolt is tightened to, or above,
the required minimum tension by rotating the
nut or bolt a prescribed number of turns from
either a finger-tight or a snug position.
The "finger-tight" position is that to which
the nut can be tightened when turned by hand
after the joint has been drawn tight with
fitting-up bolts; usually this has been fol-
lowed by one complete turn (360 degrees) of
the nut or bolt head. The "snug" position is
the point in the tightening at which a pneu-
matic impact wrench ceases to run freely and
the impact mechanism begins to operate, or the
tightness attained by the full effort of a man
using an ordinary spud wrench. From the snug
position the bolt or nut is usually given
approximately a one-half turn (180 degrees) to
achieve the fully tightened position. However,
joints with warped, heavy, or many plies of
material may require that the bolts be touched
up by additional tightening to insure full
bolt load in all the fasteners. A more de-
tailed discussion of the turn-of-nut method as
used by some fabricators was presented by Ball
and Higgins.(5)
B. OBJECT AND SCOPE OF INVESTIGATION
Since the turn-of-nut method does
not depend on torque to control the bolt ten-
sion, the question was raised by structural
fabricators and erectors as to whether the
hardened washers could be eliminated from the
bolt assembly. By the same token, would only
one washer under the turned element be adequate
when the torque control or the calibrated
wrench method is used?
Three of the questions that must be
answered to determine whether one or both wash-
ers can be omitted from a bolt assembly with-
out any significant effect on its ability to
form a sound and effective connection are as
follows: (1) Can the required clamping force
be developed and maintained without the hard-
ened washers when a high-strength bolt assembly
connects several plies of structural materials?
(2) Is the relaxation of tension in an assembly
without washers the same as, or comparable to,
that for an assembly with washers? And (3) will
the deformation and galling of the connected
material which results from the tightening of
the nut directly against that material cause
the connection to be any less satisfactory,
particularly under fatigue loading?
To answer the first two questions
most of the types of nuts commonly used in
structural work were included in this study of
the effects of washers on the clamping force
in the assemblies. These types were: (a) a
heavy semi-finished hexagon nut, the only type
permitted prior to 1960 for structural use;
(b) a heavy-thin nut, which is the same dimen-
sion across the flats as the heavy nut, but is
only as thick as the finished-series nut;
(c) a finished-series nut which was permitted
as an alternate in the 1960 Specifications of
Because of the development of the heavy hex-
agon head, structural A325 bolt and the result-
ing lack of interest in finished nuts among
structural users, the 1962 Research Council
Specification 6) mentions specifically only the
heavy hexagon nut.
the Research Council on Riveted and Bolted
Structural Joints; (d) a finished-thick nut
which has the same across-flats dimensions as
a finished nut, but is as thick as a heavy nut,
and (e) a flanged nut which has the same
across-flats dimensions as the heavy nut, but
also has an integral washer on one face. Also
included in the tests were two types of bolt
heads: the regular semi-finished hexagon head
which has been specified in the past and a
heavy semi-finished hexagon head which was
approved as an alternate in the 1960 Specifica-
tions of the Research Council and became the
standard bolt in the 1962 Council Specifica-
tions. (6)
The program included a large number
of tests of single assemblies which are re-
ferred to as relaxation tests, wherein a
determination was made of the variation in bolt
tension with time using a strain gage load cell
within the grip as shown in Figure 1. The
variables in the relaxation tests included the
type of nut, bolt head size, bolt strength,
hole size, hole preparation, and the effect of
lubrication. In some of the relaxation tests,
the assemblies were tightened by turning the
bolt rather than the nut.
Other tests were performed with the
strain gage load cell and with a commercial
hydraulic load cell to determine the turns
necessary to properly tighten the assemblies
when one or both outer surfaces have a five
percent slope relative to the plane perpen-
dicular to the bolt axis. Variables in the
tests included the use of washers, relative
directions of sloping surfaces, position of
bolt, bolt hardness, method of tightening, and
bolt size.
The third question to be answered
concerning elimination of washers involved
twenty-one fatigue tests. The variables em-
ployed were type of nut, type of bolt head,
hole size, location of the critical plate
(inner or outer plates of a three plate spe-
cimen), element tightened (the bolt or the
nut), bolt tension, and bolt diameter. These
fatigue specimens were four-bolt, double-lap,
shear-type joints similar to the one shown in
Figure 2.
Based on these and other studies
recently performed at the University of Illi-
nois, as well as at other schools, the Speci-
fications(6) of the Research Council were
revised early in 1964.
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II. DESCRIPTION OF TESTS
A. RELAXATION TESTS
As shown in Figure 1, the relaxation
specimens consisted of two 4 x 4 x 3/4-inch
steel plates (with a 13/16-inch diameter hole
in the center, except in the case of the over-
sized hole specimens), a 3/4 x 6-inch high-
strength bolt, and a load cell. The steel
plates were ASTM-A7 structural grade steel with
surfaces left in the as-rolled condition; how-
ever, in some cases the plates were rusted from
having been stored outside. Before the plates
were used,they were wire-brushed to remove any
loose scale or rust.
Data on the bolt and nut hardnesses
are in Tables I and 2. It is important to note
that there were significant differences in the
hardnesses and ultimate strengths of the regu-
lar- and heavy-head bolts used in the relax-
ation tests for A325 bolts. The heavy-head
bolts (Rockwell C = 24) were on the low sides
of the hardness and strength ranges allowed by
the ASTM Specifications while the regular-head
bolts (Rockwell C = 32) were on the high side
of the Specification values. The nuts varied
in hardness from a Rockwell B of 80 for the
finished-thick nuts to a Rockwell B of 92 to
95 for the heavy-thin nuts (Table 1, Column 6).
The ASTM-A354 bolts were specified to be grade
BDI and were near Rockwell C = 37, the maximum
hardness for that grade (Table 2).
The load cells (Figure 1) were
1 11/16 inches in diameter and 3 1/8 inches
long. These cells were designed to provide
average axial strains of 800 to 900 micro-
inches when subjected to the maximum load and
were made from AISI 4340 steel,heat-treated to
provide a high yield point to reduce the possi-
bility of local yielding. Each load cell had
eight strain gages (four placed axially and
four circumferentially) arranged in a four-arm
bridge for high sensitivity.
In the relaxation tests, the output
These nuts were obtained before the 1958
changes in ASTM-A325.
It should be noted that the A354 BD bolts
have mechanical properties similar to those
prescribed for the new ASTM-A490 structural
bolts now incorporated in the 1964 edition of
Reference 6.
of the load cell was recorded while the bolt
was being tightened with a manual torque wrench
and for five additional minutes to provide a
continuous graphic load-time plot. For tests
that were run more than 5 minutes, periodic
strain readings were taken during the remainder
of the test. Measurements were also made of
the change in length of most bolts as a result
of tightening. The effects of removing the
washers from under the bolt heads and from under
the nuts were studied separately. The members
were designated as "nut study" or "bolt-head
study" specimens depending on which part of
the bolt assembly was in contact with the mild
steel plates. The load cell was placed on the
opposite side of the plates from the nut or
head and was always faced with two conventional
hardened washers. The one exception to the
assembly just described was the one used in the
relaxation test of the specimen with punched
holes. In this case, the load cell was placed
between the 3/4-inch plates to permit the bolt
head to bear on one lip and the nut to rotate
against the other lip of the punched hole;
neither the bolt head nor the nut had a washer.
The variation in grip in the A354 bolt tests
required some changes in the plate thickness
and in the number of washers.
The variables in the nut tests in-
cluded, besides nut type, the hole size (the
customary 13/16-inch hole and oversized holes
of 27/32 and 7/8 inches to simulate reaming),
the method of making the hole (either punched
or drilled), and the effect of lubricating the
contact surface between the face of the nut
and the plate.
The bolt-head tests included over-
sized holes in some of the specimens, torquing
the head rather than the nut in four of the
tests, and regular as well as heavy heads.
Two specimens were tightened to a specific
bolt tension and all other bolts were tightened
using a turn-of-nut method. For the latter
method, each bolt was tightened to a tension
of 5,000 pounds to simulate the load in the
bolt when it is snugged up; then the nut or
bolt head was given a one-half turn (180 de-
gree rotation).
In order to identify the variables
studied in the different relaxation tests,
letters and numbers have been used to specify
the test conditions for each of the specimens.
The letter "N" or "H" before the specimen
number indicates whether the test was a nut
test or bolt-head test, respectively. A
specimen number which includes the letter "S"
identifies a short-time test (usually lasting
only 5 minutes after the bolt was tightened)
as opposed to those tests which lasted from 3
to 90 days. The letter "B" or "C" in the
specimen number indicates the use of over-sized
holes--"B" for the 27/32-inch diameter holes
and "C" for the 7/8-inch diameter holes. In
those cases where a specimen was tightened to
a specific bolt load, that load in kips appears
as the last figure in the specimen number. The
four specimens that were head torqued (tightened
by turning the bolt head) are identified by "HT"
in the specimen number. One specimen was tested
with a lubricant of the molybdenum disulfide
type between the nut face and the surface of the
plate; this specimen is identified by the letter
"L" in the specimen number. The letter "X"
(Table 2) identifies the A354 BD bolts used in
the relaxation studies and the letters "D", "E",
and "F" indicate a variation in the number of
threads included in the grip.
B. SPECIMENS FOR TESTS WITH SLOPING SURFACES
A thorough study of the behavior of
assemblies tightened on sloping surfaces would
require a systematic consideration of a large
number of factors. The following are of primary
importance: bolt head size and nut size
(distance across flats); grip and number of
threads in the grip; diameter of bolt and hole;
hardness or strength of bolts, nuts, plates and
washers; position of the bolt in the hole --
centered, on high side of slope (maximum slid-
ing), or on low side of slope (minimum sliding);
and method of torquing -- pneumatic or manual.
Secondary factors might include chamfered or
washer-faced nuts, multiple plies, flats or
corners on the high side, and torquing head or
nut. The systematic study of all these factors
Kip = 1000 pounds (kilo-pound)
would involve considerable time and expense
and is much more extensive than could be in-
cluded in this investigation. However, a
number of these variables have been explored
and are summarized in Table 3.
In general the specimens consisted
of a bolt and a suitable nut tightened against
sloping mild steel plate surfaces (mill scale
surface, as-received) with some type of load
indicating device included in the grip --either
a steel load cell (cylindrical dynamometer as
in Figure 1) or a commercial hydraulic load
cell (Skidmore-Wilhelm calibrator). A second
group of tests was conducted at the Lamson
and Sessions Company in a load analyzer, (7 )
which provided a record of load, turns, and
applied torque and also permitted an evaluation
of the relaxation of the fastener.
Accuracy of the Illinois load cells
was verified by recalibrations under axial
loadings, with eccentric loadings, and with a
check of the effects of residual torque. The
Skidmore-Wilhelm device was also calibrated
under axial and eccentric loadings. Both kinds
of equipment showed excellent response under
all conditions.
C. FATIGUE TEST SPECIMENS
The fatigue test specimens were
designed to supplement the relaxation tests on
A325 bolt assemblies and to determine the
effects of galling when washers were omitted
from the fastener assembly. Specimens that
were designed with the center plates critical
(center plate more highly stressed than the
outside plates) served primarily to indicate
whether the clamping force developed in the
bolts had been reduced when the washers were
omitted; previous fatigue programs have shown
that the fatigue lives of bolted structural
joints decrease with a reduction in the initial
tension in the bolt.( 3) Therefore, if there is
any tendency for a high-strength bolt without
washers to work its way into the surface of the
connected material and thus lose its clamping
force, a reduction of the fatigue resistance
could be expected to appear in these fatigue
tests. In those specimens where the outside
plates were designed to be critical (the outside
plates having the same or higher nominal stress
than the center plate), the objective was to
determine whether the galling on the outer plates
resulting from the tightening of the assembly,
combined with the high plate stress and possible
loss in bolt tension, would cause a reduction in
the fatigue resistance.
To provide a correlation with the data
from other tests, the dimensions (Figure 3) of
the specimens were similar to those used for
specimens in previous studies. (3 ) Tension:shear
ratios for all specimens are shown in Tables 4
The "tension:shear ratio" is the ratio of the
net section tensile stress to the shear stress on
the cross-sectional area of the bolts. The ten-
sile area used in the calculations for a "nomi-
nal" T:S ratio was computed using the nominal
fastener diameter plus 1/8 inch regardless of
actual hole size. The shear area assumed was
calculated using nominal bolt diameter.
and 5. Hole sizes and fastener diameters are
given in Figure 3. All the specimens were
double-lap, butt-type joints fastened with high
strength bolts; all holes were match-drilled.
The bolt assemblies were tightened
by turning the nut, except for Specimens 8 and
9 (Table 4). The bolts in Fatigue Specimens
I through 4, 6 through 8, and Series A were
installed by the turn-of-nut method using a
pre-load or snug position of 5,000 pounds, the
same value as that used in the relaxation
tests. In Specimen 5 the assemblies were
tightened to a tension of 29,000 pounds, and in
Series B and D a bolt load of approximately
28,400 pounds was used, the latter correspond-
ing to the minimum permitted by Specifi-
cations. (6)  In the case of the 1-inch bolts
of Specimen 9, the bolts were tightened to
10,000 pounds before adding the final one-half
turn. This change was based on tests which
indicated that the snug position for the I-inch
bolt was more closely represented by 10,000
pounds than by 5,000 pounds. For Specimen C-1
snug was obtained using 100 foot-pounds torque,
after which an additional 180 degree turn-of-
nut was applied.
The fatigue tests were carried out in
the 200,000 pound University of Illinois fatigue
machines which are fully described in Reference
8. The load was applied at the rate of approxi-
mately 200 cycles per minute to all specimens
except Specimens D3, D4, and D5. These speci-
mens were tested at a loading rate of 100 cycles
per minute to reduce the tendency for slip and
pounding which had developed in the second
Series D specimen.
All plates for the fatigue specimens
were of ASTM-A7 structural steel. The plate
surfaces were left in the as-rolled condition;
however, in some cases these surfaces were
rusted and slightly pitted from having been
stored outside. The plates were lightly wire
brushed before use to remove any loose material,
and the contact surfaces of the joint were
cleaned with a solvent to remove any cutting-
oil remaining from the hole-drilling operation.
The bolts for the fatigue specimens
met the hardness and ultimate strength require-
ments of ASTM-A325. Bolt and nut hardnesses
are shown in Table 4 for fatigue test Specimens
I through 9 where the hardness tended to be
low, but within the allowable range. In general,
for specimen types A, B, and D, the hardness of
the regular hex (hexagon) bolts tended to be on
the high side of the allowable Rockwell C range
(RC = 30); the hardness of the finished nuts
was RC = 26 (ASTM-AI94, grade 2H) . The regular
hex bolts of Series C haa d hardness of RC = 32
and the hex nuts in Series C had a hardness of
RB = 82 to 84.
In order to minimize the number of
tests in the second stage of the program, speci-
mens of Series A, B, C, and D were designed for
These nuts were from stock available at the
laboratory and procured prior to the 1958
changes in A325 nut proof load.
what were considered to be the most severe
conditions possible-- oversized holes, minimum
clamping force in the bolts, and higher than
normal bearing stress under the bolt head and
nut. To accomplish this, all bolt holes
(except for Specimen Cl) were drilled 1/8 inch
larger in diameter than the nominal diameter
of the bolt to simulate excessive field ream-
ing, and regular series hex bolts with finished
hex nuts were used to give an unusually high
bearing stress at the plate surfaces under-
neath the bolt heads and nuts. Specimens with
less severe geometries would have been tested,
if necessary, to find the conditions required
to produce fatigue lives comparable to those
obtained with joints having two hardened
washers for each bolt; however, the severe
conditions noted above did not appear to
produce any significant reduction in the fatigue
strength of the joints and no further tests were
considered necessary.
First row slip was measured at each
edge of all the fatigue specimens by means of
mechanical dials (Figure 2). "First row slip"
is the relative movement which takes place
between the edges of the center plate and the
outside plates and includes both elastic and
plastic deformation as well as slipping of the
plates.
Where bolt tensions in the fatigue
specimens were reported, they were determined
by means of bolt elongation. A bolt similar
to those used in the fatigue specimens and with
the same grip was tightened in a Skidmore-
Wilhelm Calibrator and its elongation measured
at various increments of load. This information
made possible the construction of a typical
load-elongation curve that was used to es-
tablish the loads or tensions of the bolts in
the fatigue specimens.
III. TEST RESULTS
A. RELAXATION TESTS OF A325 BOLT ASSEMBLIES
In examining the Table I relaxation
data for A325 bolt assemblies it is necessary
to keep in mind the wide range in bolt and nut
hardnesses which existed in the specimens test-
ed. Because of this range, comparisons should
be made only between assemblies with comparable
hardnesses and with the same nut and bolt head.
Furthermore, since each type of nut and bolt
head was tested both with and without a washer,
the contribution of the washer to each assembly
can be studied without considering hardness as
a variable. In order to provide additional
information, one assembly of each type was
tightened in a Skidmore-Wilhelm Calibrator and
the bolt elongation was measured at various
increments of load. These measurements were
compared with elongation readings taken on the
relaxation specimens as a check on the bolt
tension recorded by the load cell.
In the relaxation tests a continuous
record of bolt tension versus time was obtained
from the load cell with a Sandborn Recorder; a
typical curve is shown in Figure 4. It was
evident from these records that immediately
upon completion of the torquing there was a
small drop in load. The load for each bolt,
recorded in Column 9 of Table 1, is the peak
load on the trace. However, because the maxi-
mum load in the bolt is only an instantaneous
load and rarely measured, even in the labora-
tory, this value has not been used as a basis
of reference. Instead, the load in the bolt
one minute after reaching the peak load has
been used as the base from which to determine
the percent loss in bolt tension with time
(Column 10, Table 1). The drop in load from
the maximum load to the one-minute load varied
from 2 to 11 percent, with an average of about
5 percent. This drop in bolt tension is
thought to be a result of an elastic recovery
which takes place when the wrench is removed
and possibly a result of creep or yield in the
bolt, produced by high stresses at the root of
the threads. In addition, some flow may occur
in the steel plates under the head and nut.
Similar tests made on a hydraulic
load analyzer by the Lamson and Sessions Compa-
ny(7 ) show similar percentages of bolt tension
losses immediately after tightening and over a
period of days. Comparable results were also
reported in Table 6 of Reference 9 for 7/8-inch
diameter bolts.
1. Nut Tests. A comparison of the
clamping forces that were obtained in the vari-
ous nut tests in which the regular hex head
A325 bolts were used is shown in Figure 5. The
bolts were tightened by the turn-of-nut method
(5,000 pounds + 1/2 turn). The figure shows
that there was no significant difference in
the one-minute bolt load whether or not a
washer was used; a variation in the type of nut
and nut hardness had a greater effect than the
washers. Nevertheless, in all cases the bolt
load was in excess of the proof load. The
number of threads included in the grip will
also affect the bolt's load-to-turns relation-
ship, but this was not varied in these par-
ticular tests.
The effect of the washer on the maxi-
mum torque required to tighten an A325 bolt
assembly is evident upon examination of Figure
6. The higher torque required to tighten nuts
without washers is the result of galling be-
tween the nut and the soft plate material.
One of the more severe cases of galling is
The "proof load" is that load which ac-
cording to ASTM Designation A325-63 the bolts
must withstand without experiencing any perma-
nent set. A tolerance of ± 0.0005 inch is al-
lowed as the difference between the measure-
ments made before and after the loading. The
1960, 1962, and 1964 specifications of the
Research Council require at least a tension
equal to the proof load in the bolts as
installed.
shown in Figure 7. The flanged nut produced
the greatest bolt load, yet the torque required
to tighten it was less than the torque required
to tighten the heavy and the heavy thin-nuts
(without washers) to slightly smaller loads;
this is probably a result of the larger
contact area of the flanged nut, reduced
contact pressure, reduced galling, and, there-
fore, reduced resistance to turning. The
torque required to turn the flanged nut was
greater, however, than the torque required to
tighten bolts with hardened washers under the
nuts because the flanged nut is turned directly
against the relatively soft plate material.
When a hardened washer is used, the nut is
turned against a hard surface and the galling
of the soft plates is eliminated. This may be
of importance where the speed of installation
and the size of the pneumatic wrench and the
air compressor capacity are factors.
In Figure 6 it is also important to
note that: (1) With washers under the nuts,
the torques for 5,000 pounds plus 1/2 turn
were relatively consistent regardless of the
nut types, and (2) there was considerable
variation in torque between the different types
of nuts when the washers were omitted. Clearly,
any method of installation of bolts must be
independent of torque if the hardened washers
are omitted.
2. Bolt Head Tests. The nuts, when
torqued, galled the plates if the washers were
omitted under them while the bolt heads pro-
duced depressions in the plates if their washers
were omitted. A typical bolt-head depression
is shown in Figure 8. The results of the bolt-
head tests, both with and without washers, are
compared in Figure 9; in all cases the bolt
heads were in contact with the plates or washers
and the bolt assemblies were tightened by turn-
ing the nuts. Also included for comparison are
the tests in which the holes were either
1/32-inch or 1/16-inch oversize. In the case of
the regular semi-finished hex-head bolts (A325
type) and the 13/16-inch diameter holes, there
was no difference in bolt load whether or not
there was a washer under the bolt head. When
the hole diameter was increased and no washer
was used, a small decrease in load occurred,
although the final load was still well above the
minimum tension now specified. For the softer,
heavy semi-finished hex-head bolts (A325 type)
there was no apparent loss in bolt load when
the washer was removed or as a result of the
oversized holes. The bearing area of the bolt
head around the perimeter of a 7/8-inch diameter
hole when a heavy semi-finished hex-head 3/4-inch
bolt was used (approximately 0.402 square inches)
was slightly greater than the bearing area of a
regular semi-finished hex-head 3/4-inch bolt
around a 13/16-inch diameter hole (approximately
"Bearing area" as used here is computed by
subtracting the hole area from the area of the
washer-faced portion of the bolt head, based on
measured dimensions for these specimens.
0.380 square inches). This may account for
the fact that the heavy-head bolt, when
tightened in a 7/8-inch diameter hole, held
its load in much the same manner as did the
regular-head bolt when tightened in the
13/16-inch hole. However, even the regular-
head bolt, when used in a 7/8-inch hole and
without a washer, developed nearly the same
tension as did the bolt in a 13/16-inch hole
with a washer, when tightened to snug plus 1/2
turn.
3. Bolt Head Torque Tests. Several
relaxation tests were conducted after turning
the bolt head rather than the nut. The results
of these tests, conducted with the regular
semi-finished hex head A325 type bolts in
various hole sizes, are shown in Figure 10.
The oversized hole produced a small decrease
in the bolt load, but the maximum torque was
approximately the same. It is apparent that in
either case, omitting the washer and applying
5,000 pounds plus 1/2 turn produced more than
proof load in the bolts, but the required
torques were considerably larger than would
have been required for proof load only, if
washers had been used. Where the regular semi-
finished hex bolt head and the heavy semi-
finished hex bolt head were torqued to approxi-
mately the same load (Figure 11), a somewhat
smaller torque was required for the heavy-head
bolt, but the difference is no greater than
might develop from test to test with the same
head type. Note that the heavy-head bolt was
installed by 5,000 pounds plus 1/2 turn while
the regular-head bolt was tightened to approxi-
mately that same load, rather than by amount
of turn.
A comparison of the depths of the
depressions in specimens tightened by turning
the heads to approximately the same bolt load,
such as H-2S-34 (.0089 inch, regular head) and
H-4 (.0028 inch, heavy head), indicates the
marked reduction in the depth of depression
resulting from the increased bearing area
provided by the heavy-head bolt. Study of the
data on depth of depression and nominal bearing
pressures showed that, at a given nominal bear-
ing pressure, specimens tightened by turning
the bolt heads had deeper head depressions than
similar specimens tightened by turning the
nuts. )  It appears that as the heads were
turned mechanical wear of the plates produced
the greater depressions. However, there
seemed to be little difference in the load
produced whether the head or nut was turned.
4. Effect of Hole Size. The results
of tests run with several types of nuts and
regular bolts in different size holes are shown
in Figure 12 for easy comparison. For the
finished nuts (Figure 12a) there was little
variation in load as a result of removing the
washer or as a result of turning the nut over
an oversized hole. However, in the case of the
heavy nuts (Figure 12b) there appeared to be a
small decrease in load when the bolt was
tightened in a 7/8-inch diameter hole. The
flanged nuts (Figure 12c) developed con-
sistently high bolt loads with both hole sizes.
The difference in behavior between
the finished and the heavy nuts in the case
of the 7/8-inch diameter hole may be the
result of the differences in the load-turns
relationships for the two types of nuts and
may be caused by differences in geometry and
hardness. In order to explore this problem
further, the load-turns relationships for
bolts with either the heavy or the finished
nut were determined and are plotted in Figure
13. Note that for the softer finished nuts,
the bolt load at 5,000 pounds + 1/2 turn was
considerably less than in the case of the
heavy nut. It can also be seen that the maxi-
mum tension attainable with the finished nuts
and washers was only 34,000 pounds, a value
only slightly above that produced by 5,000
pounds + 1/2 turn. Harder finished nuts would
have produced higher bolt tensions and might
have produced a load-turns relationship compa-
rable to that of the heavy nuts.
It is interesting to note the wide
range in bolt loads obtained between bolts on
the high and low side of the specifications.
Comparison of the test results in Table I for
Specimens N-5 and N-5S (40,450 pounds) with
the results of N-17S (33,700 pounds) emphasizes
this difference. It is also worthy of note
that the flanged nut consistently developed a
load equal to or greater than the load
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FIGURE 14. EFFECT OF HOLE SIZE ON TORQUE FOR 5000 LB. PLUS ONE-HALF TURN
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0.16
60
50
-• o
A 40
0
"a 30
c
I-
10
0
60
&-so
.,5
0
- 30
I-.
o 20
10
0
0 0.5 1.0 1.5 2.0 2.5
Average Number of Turns from "Snug" of 5 kips
FIGURE 17. COMPARISON OF LOAD-TURNS DATA FOR VARIOUS A325 AND A354 BOLTS AT IDENTICAL GRIP
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FIGURE 18. COMPARISON OF LOAD-TURNS DATA FOR DIFFERENT GRIPS A325 AND A354 BOLTS
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FIGURE 20. LOAD-TORQUE RELATIONSHIPS FOR VARIOUS BOLT TYPES
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FIGURE 23. EFFECT OF BEVELED SURFACES ON BOLT TENSION VS. TURNS, 3/4 IN. DIAM. A325 BOLTS
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FIGURE 24. EFFECT OF BEVELED SURFACES ON BOLT TENSION VS. TURNS 1-IN. DIAM. A325 BOLTS
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FIGURE 25. TYPICAL FATIGUE FAILURE
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FIGURE 26. VIEWS OF FATIGUE FAILURE OF SPECIMEN D5
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FIGURE 27. MODIFIED GOODMAN DIAGRAM FOR 2,000,000 CYCLES
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FIGURE 28. AVERAGE LOSS IN BOLT TENSION VS. APPLIED CYCLES IN FATIGUE TESTS
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TABLE 2. RESULTS OF BOLT-TENSION RELAXATION TESTS CONDUCTED WITH A354-BD BOLTS
(1) (2) (3) (4) (5) (6)
Spec. Bolt Nut Washer Hardness Torque Max. 1 Min. Percent Loss of Load From
No. Head Bolt Nut Load, lb Load, lb 1 Min. Load
RC RC  Days
5 Min. 2 3 90
NX-24S-D-1 Regular Heavy-2H No 37 35 500 40,600 39,210 0.2
NX-24-D-2 Regular Heavy-2H No 37 35 540 37,200 35,900 0.8 1.3
NX-24-D-3 Regular Heavy-2H No 37 35 500 36,850 34,850 0.9 1.0
NX-24S-D-4 Regular Heavy-2H No 37 35 610 40,500 40,300 0.4
NX-24S-E-1 Regular Heavy-2H No 37 35 580 41,150 40,000 0.6
NX-24S-E-2 Regular Heavy-2H No 37 35 530 39,860 38,150 0.4
NX-24S-E-3 Regular Heavy-2H Nut 37 35 520 47,150 46,840 0.7
NX-24S-F-l* Regular Heavy-2H No 37 35 450 35,350 34,250 0.5
NX-24S-F-2* Regular Heavy-2H No 37 35 450 34,600 33,300 1.1
NX-24-F-3* Regular Heavy-2H No 37 35 37,850 36,750 1.1 4.2
NX-25S-E-1 Regular Finished-2H No 37 26 480 36,230 34,700 0
N = Nut Test; X = A354-BD Bolt; S = Short Time Test (5 Minutes); D = 3 Threads in Grip; E = 6 Threads in Grip;
F = 12 Threads in Grip; A7 Plate used under head and under nut.
Proof Load - 40,100 lb. * 5 Washers in Grip Hardness by Spec. - A354 BD Bolts 32-38
** 5/8 Plate in Grip A194 2H Nuts 24-37
(7) (8) (9) (10) (11) (12) (13)
TABLE 3. SUMMARY OF VARIABLES FOR TESTS OF BOLTS TIGHTENED ON BEVELED SURFACES
(Numbers in parentheses indicate number of tests performed.)
Tests Performed at: University of Illinois (54); Lamson and Sessions Co. (9)
Period Covered: 1961-1963
Bolt Sizes: 3/4 x 3 (2); 3/4 x 4 (12); 3/4 x 6 (32); 1 x 6 (17)
Bolt Types (All A325): Heavy Head, Old Thread Lengths (32); Finished Head,
Old Thread Lengths (12); Heavy Head, New Thread Lengths (19)
Nut Types: A325 (52); A194 Grade 2 Heavy Hex (1l)
Grips (where known): 2 1/8"(2); 3"(12); 4 1/4"(4); 4 3/8"(2); 4 5/8"(17);
4 7/8"(5); 5"(8); 5 1/8"(4)
No. of Threads in Grip (where known): 3(5); 4(12); 5(2); 6(7); 7(5); 8(15);
9(4); 10(4)
Type of Calibrator: Load Cell (16); Load Analyzer (9); Skidmore Wilhelm (38)
Method of Torquing Nut: Manual (41); Pneumatic (22)
Location of Hardened Washers: None (24); Head only (1); Nut only (2);
Head and Nut (36)
Location of Beveled (1:20) Washers: None (19); Head only (1); Nut only (4);
Head and Nut (39)
Position of Two Bevels: Parallel (4); Converging (33); Crossed (2)
SPECIAL TESTS
Position of Bolt: Maximum Sliding (4); Minimum Sliding (4)
Bolt Strength: High Hardness (2); Low Hardness (2)
Minimum Slide = bolt placed against low side of bevel to minimize bolt movement
down slope.
Maximum Slide = bolt placed against high side of bevel to permit maximum possible
movement down beveled slope during tightening.
Converge = Bevels placed with sloping planes converging (or diverging).
Parallel = Bevels placed with sloping planes parallel but with 5 percent slope
at head and nut.
Crossed = Bevels placed with sloping planes "crossing" or turned at 90 deg.
relative to each other.
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developed when a hardened washer was used with
a heavy nut.
The torques required to tighten the
bolts in holes of different diameters and using
the finished, heavy, and flanged nuts are
plotted in Figure 14. The torque required to
tighten the finished nut increased with the
removal of the washer and also with the increase
in hole diameter. The heavy nut had a higher
torque without a washer, and as the hole size
increased, the torque appeared to decrease. In
the case of the flanged nut the torque was
fairly constant despite the differences in hole
size, but was somewhat greater than that re-
quired for the finished or conventional heavy
nuts with hardened washers.
When the washer was omitted, a torque
of approximately 700 foot pounds was recorded
for the heavy nut Specimen N-7S; however, this
high torque was probably a result of the severe
galling shown in Figure 7. Specimen N-7 did
not have such severe galling and a somewhat
lower torque was obtained. The lower torque in
the case of the 7/8-inch diameter hole is re-
lated in part to the smaller load developed in
this specimen.
Note that these results are from one
or two specimens of each type; therefore, the
differences in behavior shown between the
various types of nuts may be, in part, experi-
mental scatter. Additional testing to give
average values would be needed if observations
other than the following were to be justified:
(1) The turn-of-nut method (snug + 1/2
turn) without washers and in holes
up to 1/8 inch larger than the
nominal diameter will produce bolt
loads above the minimum for A325
bolts as now specified, especially
when heavy hex heads and nuts are
used.
(2) Omission of the washer under the
turned element may produce torque-
load relationships somewhat more
erratic than usual; thus, torque
methods should not be used for the
installation or checking of bolts
having no washers under the parts
turned during tightening or in-
spection, except for bolts installed
by turn-of-nut method in accordance
with the 1964 edition of Reference 6.
5. Lubrication. Two specimens
(N-23S and N-23S-L) were tested to study the
effects of lubrication. One had lubrication
(molybdenium disulfide) only between the nut
face and the plate face, and the other was with-
out lubrication. These specimens were both
tightened by the turn-of-nut method and de-
veloped approximately the same load, but the
torque required to tighten the lubricated
specimen was just slightly more than one-half
that required for the non-lubricated specimen.
Tests run a decade ago with case-hardened
washers and employing a lubricant called
"No-Oxide" showed the following comparative
results: (10)
Condition Relative Torque
No lubricant 100
Lubricate bolt threads only 83
Lubricate nut face and threads 67
These results are of importance to erectors
using the turn-of-nut method and may warrant
further study; with lubrication, smaller
impact wrenches and compressor capacities may
be used to develop the same bolt load. Since
an advantage can be expected with appropriate
lubrication of threads as well as the nut face,
this might be achieved commercially by treat-
ing only the nut.
6. Long-Time Relaxation Tests. A
number of the A325 relaxation specimens were
left tightened from 3 to 21 days to determine
if there was any significant difference in the
load-time relationship when the washer had
been omitted (Table 1, Columns 12 to 18).
Specimen H-1, which remained tightened for 21
days, showed a 5.1 percent loss from the
I-minute load. Ninety percent of this small
loss, however, occurred in the tirst day.
During the remaining twenty days the rate of
change in load continued to decrease in an
Insofar as is known, no tests or field
studies have shown whether such lubrication
will result in the nuts backing off in service,
especially under vibration or fatigue loadings.
exponential manner typical of creep data;
whether there were washers under the nuts or
under the bolt heads did not seem to influence
the load-time relationships.
Relaxation of high strength bolt
assemblies was studied in a preliminary fashion
at the University of Illinois in early 1952 by
Robert F. Stevens on 1-inch diameter bolts.
Those results agree well with the results of
the tests reported herein and were summarized
as follows:
"The tensile load which the bolt carries
is transferred through the washer to a
narrow, annular ring surrounding the bolt
hole. When the stresses in this ring
reach or exceed the compressive yield
point stress of the plates, the ring
yields. As the ring yields, the annular
area becomes larger and the grip smaller;
thus the unit stresses are reduced. The
yielding of this area is almost instan-
taneous. If an elongation of a certain
amount is desired, and if the bolt load
for this elongation is high enough to
cause yielding of the plate material (as
would be the case with nearly all con-
struction jobs where the bolt tension is
at least 100 percent of the proof load),
and if a torque is applied to the bolt
until this elongation is reached and then
the torque is released, there will follow
an immediate dropoff in the bolt tension
(within 15-20 seconds) of a magnitude in
the order of 5 percent of the total load.
If after having reached the desired
elongation, the torque is maintained for
a short period (a minute or so) and then
released, there will still be an immediate
dropoff of the bolt tension, not to exceed
about 5 percent; the amount of loss will
depend upon how long the torque was
maintained. If the torque is maintained
until there is no further yielding, we
assume that there would be no loss of
bolt tension when the torque was released.
However, the time element involved in such
a procedure makes it impractical.
"Following the immediate dropoff, there is
a further, gradual loss of bolt tension
lasting for one to two hours, and amount-
ing to another 5 percent of the load.
This loss may be attributable to the
heating of the bolt during torquing and
its subsequent cooling, changes in room
temperature, heating of the annular ring
during yielding and subsequent cooling,
and other similar effects.
"This yielding of the plate should not
have any great effect upon the recorded
bolt tensions. The initial, large loss
is over, normally, before the bolt
tensions are measured, and the subsequent,
long time loss is small enough to be with-
in the calibration errors.
"The times and percentages indicated
above are merely to give an indication
of the order of magnitude. Their absolute
value will depend upon the yield point
of the plate material, and the bolt
tension and properties of bolt and nut.
Also such local factors as the rate of
application of the torque and plate
surface conditions may affect this
behavior."
It is interesting to note that the
loss in bolt tension after one minute, observed
in the recent University of Illinois tests,
confirmed the tests that Stevens made nearly
a decade earlier. This same percentage of loss
in bolt tension, about 5 percent, agrees
closely with the loss in bolt load with time
reported by Sanks in a recent series of tests
on specimens which had millscale contact
surfaces as well as a variety of other surface
conditions. It is also confirmed by the
tests on A325 bolts conducted over a period of
days in the Lamson and Sessions load
analyzer.(7)
B. RELAXATION TESTS OF A354 BOLT ASSEMBLIES
AND COMPARISON OF BEHAVIOR WITH A325 BOLT
ASSEMBLIES
In late 1961 the American Institute
of Steel Construction revised its specifi-
cations for high strength bolting and included
two grades of bolts-- the A325 fastener
(similar to SAE Grade 5) which has become so
familiar to the structural profession over the
past decade and the less familiar (and less
common) A354 bolt. Initial consideration by
AISC appeared to favor the A354 Grade BD bolt
(comparable to SAE Grade 8), but the ASTM
specification limit on size and the economics
involved in producing the larger sizes led to
selection of the A354 Grade BC bolt for the
AISC 1961 specification and for the 1963
revision.
Since little information was available on
the characteristics of either grade of A354
bolt then under consideration, an exploratory
program was initiated at the University of
Illinois to provide information on such bolts
in structural sizes. Initially, the Grade BD0
bolt was compared in behavior with the A325
bolt; subsequently, when the AISC specification
was in its final form, some additional tests
were made on the A354 Grade BC bolt.
The results of these preliminary tests
are included herein as a means of comparing
the relative behavior of A325 and A354 bolts.
However, the tests are neither extensive nor
exhaustive.
ASTM approved in 1964 a specification for a
structural "higher" high-strength bolt, A490,
which has a heavy hexagon head, short thread
length, and mechanical properties comparable
to the A3b4 BD bolt.
Because Grade BC bolts were not
commercially available in the sizes and lengths
desired for these tests, Grade BD bolts were
annealed and re-heat-treated to produce the
appropriate properties of Grade BC.
1. Calibrations. The A325 bolts
are permitted variations in hardness ranges
(based on ASTM A325-63T) depending on bolt
diameter, but the A354 bolts (ASTM A354-58T)
have a single hardness range for each grade
which must be maintained for all sizes. The
largest diameters of A325 correspond in hard-
ness, but not in elongation or reduction of
area, to the A354 Grade BB bolt; the smaller
diameters of A325 have hardnesses not greatly
different from those for the A354 Grade BC
fasteners; and A325 bolts, 1-inch diameter or
less, of near maximum hardness would meet most
requirements of A354 Grade BD. For these
reasons, low hardness and high hardness A325
bolts have been included in the following
comparisons between the behavior of the
familiar A325 bolts and the A354 fasteners.
No attempt was made to select the hardnesses
of the A354 bolts used. All bolts were pro-
vided with appropriate nuts, either A325 or
A194 Grade 2 for the A325 and A354 BC bolts,
and A194 Grade 2H for the A354 BD bolts.
The low hardness A325 3/4-inch
diameter bolts had an average tensile strength
of 40.1 kips (the minimum permitted), while
the same diameter high hardness A325 bolts
averaged 47.0 kips. The A354 BD 3/4-inch
diameter bolts had strengths in direct tension
averaging 56.9 kips. The A354 BD bolts of
7/8-inch diameter averaged 73.2 kips.
It may be of interest also to compare
the values of maximum strength in pure tension
to the maximum bolt load obtained when bolts
are torqued to failure. The torqued strength
was 82 percent of the tensile strength for the
few tests available for A354 BD0 bolts. This
is quite similar to the 84 percent reported
by the University of Illinois for A325 bolts(ll)
and close to the 85 percent value commonly
assumed for A325 bolts.
Load-elongation behavior at a given grip
provides another convenient means of comparing
the behavior of the A325, A354 BC, and A354 BD
bolts. Such data are shown in Figure 15 where
the four lower curves are for 3/4-inch diameter
bolts. Here we see that the behavior of the
A325 bolts may be similar to the behavior of
the A354 bolts, depending on their hardnesses.
As might be expected from our knowledge
of the A325 bolts, reducing the number of
threads in the grip of the A354 fasteners also
tends to increase the maximum bolt tension
obtained. This is shown in Figure 16 where
average load-elongation data have been plotted
for two grips and the A325 and A354 BD bolts.
The A325 bolts used in all these series of
tests had the old thread lengths and thus
The length of thread for these bolts was
nominally two diameters plus 1/4 inch.
were similar in this respect to the A354 bolts
tested.
Possibly of greater value to those
who may use these fasteners are the comparisons
of A325 and A354 bolts in the load-turns plots
of Figure 17 and Figure 18. As before, the
load versus turn-of-nut data have been adjusted
to a snug of 5,000 pounds. A study of Figure
17 shows that at snug plus 1/2 turn the A325
bolts easily provided a prestress or bolt
tension equal to the proof load; in fact, the
proof load prestress is reached in 1/4 to 3/8
turn of the nut from snug. Because of their
higher proof loads, the A354 bolts of both
grades require more than 3/8 turn and up to
1/2 turn of the nut beyond snug to achieve the
desired preload. An average for six 3/4-inch
diameter A354 BD bolts showed snug plus 150
degrees to be required for proof load. This
suggests that more nut rotation may have to be
specified for the A354 bolts than is the case
for A325 bolts in order to insure that during
field tightening at least the minimum required
bolt tension is achieved. In the case of the
A354 Grade BD bolt the factor of safety against
over-tightening and against resulting bolt
breakage is reduced accordingly. Fractures
occurred in the 3/4-inch diameter A354 BD bolts
at about I 1/2 turns from snug and at about
1 3/4 to 1 7/8 turns from snug for the 7/8-inch
diameter BC and BD bolts.
It has been shown in studies at the
University of Illinois, Lehigh University, and
elsewhere that, although the apparent strength
of a high-strength bolt may be increased by
reducing the number of threads in the grip,
the turns-to-failure is simultaneously de-
creased. This condition might then become
especially troublesome in field installations
of A354 bolts, particularly if thread lengths
comparable to those on the new heavy head
structural bolts (A325) were to be provided
for the higher strength A354 or A490 bolts.
The decrease in turns-to-failure
with a decreasing number of threads in the
grip, is shown in Figure 19a. At a grip of
1.35 inches the A325 bolt had about 1 1/2 full
threads included and the A354 bolts had about
3 full threads (the number of threads in the
grip are shown for all cases). Note that the
turns shown in Figure 19a are from finger-tight
or about 1/4 turn greater than from snug. The
maximum torque required in these solid block
tests was often reached at about one turn from
finger tight. Figure 19 illustrates again the
probability of a smaller number of turns-to-
failure with the A354 BD bolt than with the
A325 bolt for bolts with the same nominal
thread lengths.
The difference in turns-to-failure
between bolts torqued in the Skidmore-Wilhelm
Calibrator and those torqued in a solid block
having the same grip appeared to be small as
shown by comparing Figures 19a and 19b. How-
ever, other studies at the University of
Illinois and elsewhere indicate that there may
be substantial differences in turns required
to reach a given load, especially in the elastic
range of the bolt and in the range of normal
installation. Some differences in stiffnesses
may occur from calibrator to calibrator depend-
ing on the condition of the unit, the oil in
the cylinder, etc. A Skidmore-Wilhelm type
calibrator may indicate from 25 percent to as
much as 75 percent more turns to reach a given
bolt load or bolt tension than are required for
an actual steel assembly, depending on the
number, thicknesses, and types of plies included
in the grips.
The initial portions of the load-
torque relationships for the A325, A354 BC, and
A354 BD bolts are all similar as shown in
Figure 20. The differences in behavior appear
in the loads for which the relationship is no
longer linear. With the familiar formula at
the top of Figure 20 an estimate can be made of
the torque required to reach a given pre-load
(below, say, the bolt proof load) for any A325
or A354 (A490) bolt, provided a hardened washer
is used under the nut and the threads are clean
and as received.
2. Relaxation. The relaxation be-
havior of A325 bolts has been described in
earlier sections of this report. In a similar
manner, the relaxation behavior of A354 BD
bolts was evaluated by means of a limited
number of tests. These included various
thread lengths within the grips; two nut sizes;
washers and no washers; and varying lengths of
time, up to three months, for the tension to
relax. A354 BD bolts with regular finished
hexagon heads and A7 plates were used to create
an opportunity for creep and load relaxation
because of the very high clamping forces possi-
ble. The results of these tests have been
summarized in Figure 21 and in Table 2.
From Figure 21 it is quickly apparent
that, especially without washers at the plate
surface where turning occurs, the pre-load in
the bolts may not reach the appropriate proof
load after snug plus 1/2 turn. This may be
the result of three or more effects: (1) The
high level of proof load in A354 bolts requires
more bolt deformation and produces greater
plate deformation than does the load in A325
bolts; (2) the plate surface galls or brinells
while some plate material is actually worn
out from under the nut at the very high loads;
and (3) the load-turns relationship is still
quite steep near the snug plus 1/2 turn level
and thus is sensitive to any errors, especially
those errors which may result in less than one-
half turn from snug (Figures 17 and 18).
Two of these bolts were subsequently
torqued to failure, and the resulting maximum
loads are also depicted in Figure 21. One
specimen, NX-24-D-3, reached a maximum load of
52.5 kips after an additional 225 degrees beyond
the snug plus 1/2 turn level and a maximum
torque of 840 foot-pounds at 315 degrees beyond
the 1/2 turn stage. The other bolt reached
48.5 kips at about 300 degrees beyond the
initial snug plus 1/2 turn. The maximum torque
later reached 1450 foot-pounds and when fracture
of the bolt occurred, the threaded end of the
bolt was locked in place because of the large
amount of plastic flow that deformed the plate.
A metallurgical examination showed no notice-
able change in microstructure of the grade 2H
nut, but the cold worked A7 plate was found to
have doubled in hardness in the 1/64-inch layer
below the surface under the nut. The deforma-
tion and galling would certainly have been
markedly reduced if a higher strength plate
material had been used.
Use of a washer under the Grade 2H
nut considerably reduces the wear or galling
and increases the probability of reaching at
least proof load with snug plus 1/2 turn for
the A354 type fastener. However, only one test
was run in these relaxation studies with washers
under the head and nut. It should also be noted
that in Figures 15 through 18 and 20 the
calibration curves also had washers at the nut.
When the amount of relaxation is
considered (Table 2) there is little difference
in the behavior of A354 and A325 bolts. The
losses in bolt tension from maximum load to a
one minute load ranged from less than one
percent to more than five percent with an
average value of just over three percent. The
relaxation in the first five minutes was about
one percent of the one minute load. After
90 days the bolt load was still over 95 per-
cent as great as that recorded at the end of
the first minute. Thus, relaxation does not
appear to be a major problem with the A354
(A490) bolt even when used with ASTM-A7
materials.
3. Tests Under Combined Tension and
Shear. At the time that tests were being made
in another study on A325 bolts under combined
tension and shear, two similar series of tests
with A354 BD bolts were included. In the
interest of making possible a comparison of
A325 and A354 bolts in this report, some of
the data are included. The complete report of
the tests can be found in Reference 13. All
fasteners were tightened to approximately the
bolt proof loads. The average results are
presented in Figure 22 in terms of the bolt
tensile and shear strengths and the actual
test loads.
In general, the A325 bolt seemed to
have a slightly greater shear capacity relative
to its tensile strength than did the A354 BD
bolt. As would be expected from a considera-
tion of cross sectional areas, either type of
bolt is only about 80 percent as strong in
shear through the threads as through the shank.
These data and those in the more complete study
of combined tension and shear ( 13) suggest that
similar relationships exist for the usual
structural sizes of bolts. For large grips one
might expect a somewhat different behavior.
There appeared to be little difference in the
behavior of these fasteners when the test blocks
or holders were of A7, A440, or TI steels.
Very pronounced effects of the various
fastener strengths appear in Figure 22. The
strength of a 3/4-inch diameter A141 rivet in
tension or shear, for example, is about three-
fourths that of a low hardness A325 bolt unless
shear is through the bolt threads, in which case
the shear strengths are similar. This result
agrees well with the allowable stresses pro-
vided in the 1962 and 1964 Research Council (6 )
and the 1961 and 1963 American Institute of
Steel Construction specifications. The A354
BO bolt had a thread shear strength comparable
to the shank shear strength of low hardness
A325 bolts and a tensile strength about one-
third greater than that of those A325 bolts.
For shear through the shanks in both cases, the
A354 BO bolt was about one-third stronger than
the A325 low hardness bolt. These comparative
strengths are generally in agreement with the
comparative proof load requirements for the two
types of bolts, although it must be remembered
that the A354 bolts tested in this study were
actually about 14 percent stronger than the
minimum required. With these facts in mind it
is interesting to note that the behavior of the
maximum hardness A325 bolt would probably be
quite similar to that of a low hardness A354
BD bolt.
C. EFFECTS OF 1 TO 20 BEVELS ON BOLT TENSION
Initially the problem of 1 to 20
bevels was explored briefly in 1961 during the
revision of the 1962 edition of the Research
Council specification. A question arose as to
whether additional turns of the nut should be
specified when the head and/or the nut were to
be placed against a slope of I to 20. The few
tests performed at that time gave a consistent
pattern which could be confirmed by a mathe-
matical approximation. Thus the 1962 Research
Council specifications (6 ) were written to
require an additional 1/4 turn for each outside
face in the grip with a 1 to 20 slope.
In late 1962 it was reported that a
number of new field tests did not support fully
the requirement for additional turns on a
I to 20 slope. Simultaneously, the University
of Illinois had undertaken a pilot study to
explore the relaxation behavior and fatigue
behavior of bolts on I to 20 slopes. The
L & S (Lamson and Sessions) load analyzer (7)
was used to assist in these studies. Because
of the importance of determining accurately
the extra turns required with beveled surfaces;
and in order to provide maximum protection
against twist-off with the new, shorter thread
lengths, the study was expanded to include a
number of calibrations on sloping surfaces.
The tests were performed in the same steel
load cells (cylindrical dynamometers) used in
the relaxation tests (Figure 1), in a Skidmore-
Wilhelm device, and in the L & S load analyzer.
One of the problems encountered in
such tests is that of controlling the accuracy
of measuring turns from snug and the decision
of what bolt tension should be selected for
snug. For a number of years, a 5,000 pound
axial load has been used at the University of
Illinois. This snug load seems to be a reason-
able lower level for 3/4- and 7/8-inch bolts.
Therefore, all data have been adjusted to this
level. In the elastic or linear portion of
the load-turns relationship, a difference of
10 degrees in turning will produce a difference
of approximately 2,000 pounds in load. However,
as the bolt yields, a variation in turns has a
much smaller effect.
Table 3 is a summary of all test data
which were reviewed in this study on effects of
beveled surfaces. With the exception of tests
involving one bevel or parallel bevels, these
data are represented in Figures 23 and 24.
Thus a wide variety of factors and a large
number of tests are portrayed in the curves.
In Figure 23 it may be noted that at
proof load and with two beveled surfaces, on
the average 1/4 additional turn is needed to
reach the same bolt tension at and above proof
load. Furthermore, for the 3/4-inch A325
bolts, the proof load was reached between 1/4
and 3/8 turn from snug when flat surfaces were
used, but more than 1/2 turn was needed for
proof load when two I to 20 sloping surfaces
were in the grip.
In Figure 24 one can see that with
two I to 20 bevels in the grip, 1/8 to 3/8
turn additional is required to meet proof
load for the 1-inch bolts, depending on the
extremes considered. On the average, 1/4 turn
additional is needed to insure proof load.
Thus, the results of tests with 1-inch diameter
bolts agree with data shown in Figure 23 for
3/4-inch diameter A325 fasteners.
Through study of the detailed data
from these tests, it is possible to present
the following observations:
(1) Pneumatic tightening seemed to
produce faster seating of the head and nut on
the bevels. For example, in the tests of
1-inch diameter bolts, nut seating occurred
near 150 degrees in manual tightening and at
about 75 degrees for pneumatic tightening;
head seating occurred near 270 degrees in
manual tightening and near 225 degrees in
pneumatic tightening. Pneumatic tightening
tended to reduce slightly the number of turns
required to reach a given bolt tension.
(2) Hardened washers tended to reduce
slightly the turns necessary to obtain a given
bolt load, possibly because of less wearing at
the contact between the nut and the surface.
(3) Reducing the number of threads
in the grip reduced the number of turns to
proof load.
(4) Tests in load cells, Skidmore-
Wilhelm calibrators, and the L & S load analyzer
all show this consistent pattern: additional
turns are needed to insure proof load when
slopes of I to 20 are used.
(5) The effect of one bevel in the
grip was generally intermediate between the
results for no bevel and two bevels. Usually,
proof load was attained in snug plus 1/2 turn.
(6) Relative position of the bevels-
paralle), converging, or crossed--made a
difference In behavior. For converging bevels,
positioning the bolt toward the top or bottom
of the bevel made a difference in behavior.
Placing the bevels so they were crossed (as
may occur in fastening crossing beams) produced
a more consistent and median pattern. When the
bevels were parallel, the effect appeared
dependent on grip. At short grips there was
little or no effect; at longer grips the effect
approached that of a single bevel.
(7) It has also been found from the
study with beveled surfaces that the relaxation
of A325 bolts on the I to 20 sloping surfaces
is essentially of the same magnitude as that
found with non-sloping surfaces. An initial
loss from the peak bolt tension of about 5 per-
cent immediately after tightening is followed
by a loss of about 5 percent from the one
minute load over a period of two days.
A convenient method of achieving the
desired additional turns in the field would be
to specify 1/4 additional turn for two bevels
and no additional turns for one 5 percent
(1 to 20) bevel since proof load on an A325
bolt is usually reached in less than 1/2 turn
of the nut. This would provide at least proof
load in almost every case presented in these
data, and in addition would provide for a
slightly greater reserve against twist-off
than the requirement stipulated in the 1962
specifications. (6 )
IV. RESULTS AND ANALYSIS OF FATIGUE TESTS
A. RESULTS OF TESTS
Two separate series of fatigue
tests were made. The first of these in-
cluded Specimens 1 through 9 and the second
included Specimen Types A, B, C, and D as
shown in Figure 3 and Tables 4 and 5. The
second set of specimens was designed with
extreme conditions; oversized holes, finished
rather than heavy hex-head bolts and nuts,
no washers, and in most cases minimum clamp-
ing were employed. The fatigue tests may be
sub-divided into two groups -- those with the
center plate critical (i.e., having the
higher nominal stresses) and those with the
outside plates critical.
If we look at the first series of
tests (Figure 3 and Table 4) we find that
several different combinations of nuts, bolts,
and washers were used to determine whether
the omission of washers would reduce the fa-
tigue life of the members. None of these
specimens failed within 2,000,000 cycles even
though they were tested at a stress cycle of
0 to 30 ksi.*
* ksi = kips per square inch or 1000 pounds
per square inch.
The bolts in Specimen 5 were torqued
to approximately 29,000 pounds, rather than
using the turn-of-nut method, to serve as a
basis of comparison between the results of
the present program of tests and the results
of similar tests conducted in 1957. Despite
this reduction in clamping force to a minimum
level, the specimen did not fail.
Four specimens with the outer plates
critical were tested in the first series
(Table 4) and only one failed; all specimens
of the second series (Table 5) had higher
stresses in the outer plates.
If we look first at Table 4 we find
that failure occurred only in Specimen 6 and
only after 2,400,000 repetitions of a 0 to 30
ksi stress cycle. And, although failure oc-
curred in the outside plate, a close examina-
tion of the fracture indicated that the point
of initiation of the crack was on the inside
face of the plate and that failure resulted
from fretting rather than from bolt head de-
pression or any other stress concentration.
Specimen 7, which combined regular
semi-finished hex-head bolts, heavy hex nuts,
no washers, and oversize holes (7/8-inch
diameter), slipped into bearing during the
first cycle of loading and ran 3,073,900
cycles at 0 to 30 ksi without failure. To
determine if tightening a bolt by turning
the bolt head, rather than the nut, might
produce a difference in fatigue life, Speci-
men 8 (without washers) was assembled with
two bolt heads and two nuts torqued on the
same side of the specimen. Neither the
omission of washers nor the torquing of the
heads contributed to an early fatigue failure.
Although slip occurred in the first cycle at a
stress of 20.4 ksi, a value just above the
current AISC design load for A7 structural
steel, a fatigue failure did not occur. The
test was discontinued after 5,148,000 appli-
cations of a 0 to 30 ksi stress cycle. Speci-
men 9 was assembled in a manner similar to
that used for Specimen 8, except that 1-inch
diameter bolts were used. Slip occurred in
the first cycle at 24.8 ksi. This test was
discontinued without failure after 4,892,000
cycles of loading at 0 to 30 ksi. Thus, even
without washers, the joints still have a large
fatigue resistance, providing the bolts are
properly tightened.
As indicated in Table 5, the fa-
tigue specimens of the second series (all with
outside plates critical) were tested at no-
minal stress levels of either 0 to 30 ksi (or
slightly less) or -20 ksi to + 20 ksi. At
either stress level the fatigue lives of these
specimens were generally two million cycles
or more, despite the severe conditions of
oversized holes, high pressures under the
head and nut, etc. Failure occurred in only
four specimens, disregarding the tests of
Specimens D2 and D3 which were discontinued
because of excessive heat and pounding. The
failures occurred in the series B, C, and D
specimens with minimum specified bolt tension,
and then only two of these failures initiated
at less than two million applications of
load.
The failures in Specimens B1 and
Cl appear to have started on the inside face
of an outer plate and not at the depressions
caused by the bolt heads (Figure 25). The
appearance of the fractures suggests that
fretting rather than the bolt head depressions
or other stress concentrations at the holes
initiated the failures. Figure 25 also pre-
sents a typical fatigue failure for specimens
with the outer plates critical and indicates
the type of seating action that occurred under
the bolt head. Galling of the plate surfaces
similar to that shown in Figure 7 occurred
under the nuts.
The failure in.Specimen DI occurred
in both an outside plate and the center plate
at their respective critical sections but may
have been influenced by fretting. Although
Specimen DI slipped into bearing during the
first loading cycle, it did not continue to
slip to any significant extent when subjected
to additional cycles of loading.
The tests of Specimens D2 and D3
were discontinued because of the excessive
slip and pounding that developed during the
early part of the tests. Examination of these
specimens indicated it was probable that use
of lubricating oil rather than water-soluble
cutting oil during the drilling operation was
responsible for the low frictional resistance,
despite cleaning with a solvent.
Because of the difficulty encountered
in testing Specimens D2 and D3, it was decided
to gradually increase the stress on the nominal
net sections of Specimens D4 and D5 from + 16
ksi to + 20.0 ksi. Failure occurred only in
Specimen D5 and then only after 2,267,000 cy-
cles. The fracture initiated in an outside
plate slightly below the critical section at a
point which suggested that fretting between the
edge of the bolt head and the surface of the
outside plate was responsible for the failure.
This unusual failure can be seen in Figure 26.
In Figure 26a the extent and shape of the fa-
tigue crack is shown. The probable locations
of the initiation points for the fretting fail-
ure have been marked by arrows in Figure 26b.
Once again, the connection withstood more than
2,000,000 cycles of reversal at stresses which
were well above current design levels.
B. ANALYSIS OF FATIGUE TEST RESULTS
In examining the results of these
fatigue tests, it is interesting to compare
them with those of similar tests conducted
at the University of Illinois and Northwestern
University (Table 6). The zero-to-tension
tests as well as the full reversal tests of
this and the other programs compare very fa-
vorably as far as specimen life is concerned.
Specimen Cl (Table 5) is unique be-
cause of its proportioning to give a larger
tensile area than shear area and can be com-
pared with the performance of Specimen 6 in
Table 4. It can be seen that for a stress
range of 0 to 30 ksi, the fatigue lives of
both specimens were essentially the same,
even though Specimen 6 was designed with a
tension:shear ratio of 1.0 to 0.90 and
Specimen Cl with a tension:shear ratio of
1.0:1.25. It can also be seen that these
higher shear stresses (nominal shear stresses)
did not materially affect the fatigue life un-
der zero-to-tension loadings when high clamp-
ing forces existed in the bolts. This was
true despite the greater probability of slip
at the higher shear stresses.
Although the full reversal tests of
Specimens D2 and D3 were discontinued after
relatively few cycles of loading, it is in-
teresting to note that their behavior was
similar to that of Specimen C3-1 (Table 6)
which was also tested in full reversal. The
fatigue life of this latter specimen, which
was tightened to only 83 percent of the mini-
mum bolt tension now required by the specifi-
cations, (6) was well below 2,000,000 cycles.
This low fatigue life, although partly a re-
sult of the low clamping force in the bolts,
also can be attributed to the presence of oil
on the faying surfaces of that joint.
The average results of the fatigue
studies reported herein are presented in the
Modified Goodman Diagram in Figure 27. This
diagram was constructed on the basis of stress
on the nominal net section of the specimen and
a fatigue life of 2,000,000 cycles. Since the
life of most bolted joints was more than
2,000,000 cycles, the plot is conservative. In
comparing the test results with current bridge
design specifications for A7 steel, it can be
seen that the bolted specimens exhibited a
fatigue life of 2,000,000 cycles or more at
stresses approximately 60 percent greater than
those permitted by the specifications.
Figure 27 also serves to compare the
fatigue behavior of bolted and riveted
joints. (14) The test results curve for the
bolted joints is well above the corresponding
test results curve for the riveted joints,
thereby indicating a distinct advantage, as far
as fatigue strength is concerned, in the use of
high-strength bolts for joints subjected to
cyclic loading.
1. Clamping Force. In order to
obtain an indication of the clamping force
in the bolts of the fatigue specimens, the
elongation of each bolt of certain specimens
was measured periodically during the tests
by means of an extensometer. This elonga-
tion measurement made it possible to estimate
the tension in the bolts from the load-
elongation curves for similar bolts. The
initial bolt tension obtained from these
measurements has been indicated in Column 10
of Table 4 and in Column 4 of Table 5.
After completion of the tests,
measurements were again made of the change
in length of the bolts as they were removed.
With this information the tension remaining
in the bolts at intervals during the tests
and at the end of the tests could be esti-
mated. Figure 28 gives a graphical represen-
tation of the average loss in bolt tensions
during these fatigue tests. The loss in ten-
sion for bolts in the fatigue specimens that
did not fail was on the order of 15 percent,
the major portion of which occurred during
the first few cycles of loading. This beha-
vior agrees well with the results reported
in other studies. (8, 15, 16, 17, 18) In
Reference 8 losses in pre-load are reported
to have been about 20 to 30 percent in
375,000 cycles and about 20 to 35 percent in
540,000 cycles with further rapid decreases
as joint slip increased greatly. The bolt
pre-stress in Reference 8 was about one-
third of that which would be used today, and
substantial slipping occurred. In Reference
17 with bolt tensions about equal to those
presently specified, the losses in pre-load
varied from about 7 to 35 percent depending
on specimen, applied stress, etc. Losses of
bolt tension reported in Reference 18* were
on the order of a few percent to 18 percent,
and no joint failures developed.
The results reported herein and in
Reference 16 indicate that approximately a
3 to 5 percent loss in bolt tension may be
attributed to plastic flow in the bolts and
plate materials caused by the high bolt ten-
sion. Much of the additional loss in bolt
load appears to be proportional to the ap-
plied stress and attributable to the applica-
tion of static loading and, among other factors,
to any slipping which may have occurred. (16)
It should be noted that many of the fatigue
specimens slipped into bearing during the
first loading cycle and that the applied
stresses at first slip were generally well
above design levels. Bolt tensions at the
* Two fatigue tests of Reference 18 were
made with bolts torqued into the yield
range. These tests appear to be the earliest
in which it was shown that such high torquing
did not impair the structural joint behavior.
The same study also showed that with washers
under the nut, there was no more loss in clamp-
ing for bolts having regular finished hex nuts
than for those tightened with heavy hex nuts.
critical sections which eventually failed in
fatigue were found to be reduced considerably
in the first few cycles of loading and to
about half the initial bolt load when failure
occurred. This suggests that there may be
merit in periodic checks and re-tightening
at the critical section of bolted joints sub-
ject to cyclic loading.
In the study by Baron and Larson the
bolt clamping force in the specimens
(I 3/16-inch grip) varied from 20,000 to
40,000 pounds before the tests and had de-
creased approximately 27 percent by the end of
the tests. (15) These specimens were as-
sembled with washers under the nuts and under
the bolt heads, and the bolts were tightened
to a predetermined torque. In most cases
Baron's specimens slipped into bearing during
the first loading cycle. Thus, the loss in
bolt load during testing for specimens with-
out hardened washers was found to be compara-
ble to the loss of bolt tension in joints as-
sembled with washers.
2. Nominal Coefficient of Friction
The nominal coefficient of friction between
the specimen plates is a significant factor
since it, along with the clamping force, de-
termines whether the joint will slip or behave
as a friction joint. The value of the nominal
coefficient of friction for each fatigue speci-
men which slipped will be found in Tables 4
and 5. These values are based on load-slip
readings taken on each specimen during the
first cycle of loading. The nominal coef-
ficient of friction was computed on the basis
of the load on the net area and the bolt
clamping force as determined from the bolt
elongation measurements.
The friction values shown in Tables
4 and 5 are generally smaller than the values
of 0.30 to 0.35 frequently reported for mill
scale surfaces. However, the values of the
present tests are based on relatively small,
four-bolt, double-lap, shear-type joints as
shown in Figure 3 and may provide a lower
limit for the frictional resistance.
V. CONCLUSIONS
Because this report is primarily
a resume of a number of studies, much of the
preceeding text consists of summary state-
ments and conclusions. Only the principal
results and conclusions are repeated in this
section. The reader is reminded also that
these studies generally have been made on
limited numbers of laboratory specimens.
On the basis of the tests reported
and reviewed herein it may be concluded that:
1. Joints properly assembled with
high-strength bolts and no washers
can be expected to perform in about
the same manner as those assembled
with washers.
2. Bolt assemblies without washers may
be expected to develop very nearly
the same tensions as assemblies
with washers when tightened by the
turn-of-nut method. In the case of
oversized holes, up to 1/8 inch
greater in diameter than the bolt,
there may be some reduction in bolt
tension when washers are omitted
and when finished hex head bolts and
nuts are used, but the clamping
force will still be in excess of the
A325 proof load. There is no signi-
ficant difference in the amount of
bolt tension lost with time between
specimens with washers and those
without washers.
Based on the tests reported herein
it appears that A325 and A354 BC and BD (or
the A490) bolts may be compared as follows:
1. Both types of bolts have a torqued
strength of about 85 percent of the
tensile strength. The same approxi-
mate torque-tension relationship,
T = 0.2PD, holds for both types
when hardened washers are provided
at the turning surface.
2. Reducing the number of threads in
the grip (going from old thread
lengths to new thread lengths) in-
creases maximum bolt load at fail-
ure, but decreases the number of
turns to failure in both A325 and
A354 bolts.
3. The A354 bolt (particularly grade
BD) requires more turns to reach
its proof load than does the A325
bolt. This then reduces the factor
of safety against twist-off. With
few threads in the grip the A325
bolt may have a reserve of one full
turn beyond proof load while the
A354 bolt may have a reserve of
little more than two-thirds turn
beyond proof load, even though the
total turns to failure from snug
may be approximately one and one-
half for both types of bolts.
4. Hardened washers appear desirable
under the head and nut of the A354
BD (A490) bolts to reduce contact
pressures and to provide proof load
with slightly fewer turns, especially
when the connected parts are of mild
steel.
5. Relaxation behaviors of the A325
and A354 BD bolts are similar and
show losses of about 5 percent from
the one minute load over a period of
90 days. Much of this loss occurs in
the first few minutes and most of the
balance in a few days.
6. Behaviors of the A325 and A354 bolts
under combined tension and shear are
similar although the shear strength
does not increase quite as rapidly
as the tensile strength when the
bolt strength is increased from
that of the A325 to that of the
A354 bolt.
7. There are numerous similarities in
the behaviors of A325 bolts of high-
est hardnesses and A354 bolts.
The inclusion of surfaces with a
I to 20 slope in the grip requires additional
turning to insure optimum tension with the
turn-of-nut method. If snug plus 1/2 turn
is used, no additional rotation is necessary
for one beveled surface (although the result-
ing load may be near the minimum specified);
however, with beveled surfaces under both the
head and nut, additional rotation should be
used -- for example, snug plus three-quarters
turn (270 degree).
On the basis of the tests reported
herein, the following conclusions may be
drawn regarding the fatigue behavior of shear-
type bolted joints assembled without washers:
1. There was no significant reduction
in the fatigue lives of bolted joints
as a result of omitting the washers
from the bolt assemblies, provided
the fasteners were tightened to at
least the currently specified mini-
mum bolt tensions. Although there
was some galling of the plates when
nuts were turned directly against
them, this galling did not have a
noticeable effect on the fatigue
lives of the joints.
2. The major portion of the loss in
bolt tension during the fatigue
life of a specimen tends to occur
in the first few cycles of loading.
This loss in bolt tension appears
to be similar whether hardened wash-
ers are used or omitted.
It should be noted that these last
conclusions are based on joints that slipped
into bearing, as well as those that did not;
on joints with extremely severe combinations
of hole size, fastener head size, and nut
size; and in many cases on joints assembled
with minimum allowable clamping in the high-
strength bolts. Thus, these conclusions
appear to be, a priori, safely applied to
connections with less severe conditions.
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